The total journey time of Light Rail Vehicles (LRVs) 
work News 1994 ). To understand the travel time characteristics of modem LRT systems, six existing LRT systems in France were surveyed in early 1995. In this paper, analyses of LRT total journey time, operating spee~, signal delay, and dwell time were carried out based on the survey. The results presented may be used by-LRT operators, planners, and engineers for light rail systems planning, design, and simulation studies.
To help readers understand and review the terms used in this paper, definitions are provided in Appendix A.
The Light Rail Systems
The six light rail systems investigated are those located in Grenoble, Lille, Strasbourg, Nantes, Paris, and Rouen. Most of these light rail systems operate atgrade and are either totally or mostly segregated from the normal road vehicles. Underground running is used in Lille, Strasbourg, and Rouen when light rail passes through the railway station and busy commercial areas. Flyovers were found in Grenoble, Rouen, and Paris '"fhere light rail crosses roads with heavy traffic in the suburban areas. The general characteristics of these light rail systems are summarized in Table 1 , and the main operating characteristics are summarized in Table 2 .
Four of the six LRT systems (Grenoble, Lille, Paris and Rouen) use fourdoor, low-floor light rail vehicles, although they are of different designs and capacities. The Strasbourg LRT uses six-door, low-floor vehicles, while the Nantes LRT uses eight-door vehicles with only the middle two doors being low-floor. All these LRV s allowed two-way movements ( alighting and boarding) of passengers in each door and operated with the same rolling stock through the day (no difference between peak and off-peak period services). All the LRT systems were equipped with self-service ticketing machines at the stops. In Grenoble, Lille, Nantes, and Strasbourg, passengers validate their tickets in machines at the light rail stops, whereas, in Rouen and Paris, in-vehicle ticket validating machines were used.
For the Grenoble and Lille systems, each tick~t-was valid for one journey in the same direction regardless of the journey length. However, in Nantes, Paris, Rouen, and Strasbourg, one ticket, validated in a ticket validating machine, could be used for one hour for all routes.
Light rail stations/stops may be classified into three categories: upstream stops (LRT stops located upstream of the stop line at traffic-signal-controlled intersections), downstream stops (LRT stops downstream of the stop line at traffic signal controlled intersections) and middle-block stops (LRT stops located in
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the middle area between two traffic-signal-controlled intersections) according to their location relative to intersections. Most frequently, the upstream and downstream stations are used when light rail runs in the central area, where both normal road traffic and light rail passenger flows are high. Middle-block stops were found mostly in suburban areas, where normal road traffic flow are not very high and light rail can run at higher speeds.
The Operational Surveys
_ The operational surveys were preceded by the collection of information on LRT routes and timetables from the local transportation authorities. A general survey of the LRT characteristics was carried out, covering the LRT line (name of the line, line length, type of operation/degree of segregation of rail track, total number of passenger stops and traffic intersections), LRV s ( designed capacity, door configuration, fare collecting system, rolling stock), LRT stations/stops (locations, layouts, information and ticketing systems), intersections (type of intersection, type of crossing-at-grade or grade separated, type of signal control, and priority). A photographic record also was taken for subsequent reference.
During the operational survey, the surveyor in the vehicle recorded the time of LRV departure from the terminus, the wheel stop and start times for each LRV stop, and the reasons for stopping ( e.g., stop at passenger stops, stop at signalised traffic intersections). Surveys were carried out during weekdays twice in peak periods (4:00 p.m.-6:00 p.m.) and twice in off-peak periods (10:30 a.m.-12:30 p.m.) for each light rail system.
Analysis and Results
In the following analysis, peak refers to the average value of the two surveys in peak time, off-peak refers to the average value of the two surveys in offpeak time, and average refers to the average value of peak and off-peak.
Journey Time
The time when a vehicle left the start terminus to when it arrived at the end ~ terminus is defined as the total journey time. The'peak, off-peak, and average journey times of the six light rail systems are listed in ney time was found to vary between a minimum of 19 .5 minutes (Grenoble) and a maximum of 45.5 minutes (Nantes). The difference in total journey times between peak and off-peak varied between 5 percent (Grenoble) and 12 percent (Nantes). While total journey time is not a very useful indicator of operational characteristics because it is mainly controlled by LRT line lengths, the percentage of each component of the LRT total journey time may be considered to reflect its operation efficiency and service quality. Light rail journey time consists of three parts, running time, dwell time, and delay caused by traffic signals. The results shown in Figures 1 and 2 indicate that signal delay took 7 to 8 percent of light rail total journey time, dwell time 22 to 27 percent, and running time 65 to 71 percent for the six surveyed light rail systems. Detailed discussions on LRT operating speed, running time/speed, signal delay, and dwell time are contained in the following sections.
Operating Speed
Operating speed, which is calculated by dividing the light rail line length by total journey time, is an important index of LRT operation and service quality, since it removes the influence of LRT line length. Unlike total journey time, light rail operating speeds showed much less variation between lines, ranging from 17.71 km/h in Lille to 20.02 km/h in Rouen and Strasbourg (see Table 4 ). The difference in operating speed between peak and off-peak periods varied between different light rail systems. The Grenoble, Rouen, and Strasbourg LRTs had a 5 to 7 percent difference in operating speed between peak and off-peak periods, while the Nantes and Lille LRTs had differences ofup to 12 to 13 percent. Many factors may have affected light rail operating speeds. A main factor may be the frequency of passenger stops; as shown in Figures 3 and 4 , light rail operating speeds decreased as the number of passenger stops increased for both the peak and off-peak periods. Appropriate linear relationships have been found between the operating speeds ~d the average fr~quency of passenger stops for both peak and off-peak periods by regression anafysi_s (Manugistics 1992 ) with the general forms as below: where X is the average frequency of passenger stops (stops/km) and Y is light rail operating speed (km/h).
LRV Running Time and Running Speed
The percentage of running time out of the total journey time may be taken as an index of LRT operation efficiency. It was shown in Figures 1 and 2 that light rail's running time was approximately two-thirds of the total journey time, with a 6 percent difference between peak and off-peak for the surveyed light rail systems.
The differences in running times as a percentage of total journey times between different light rail systems are shown in Table 5 . The minimum running time share was 58 pe~cent in Paris, and the maximum was 74 percent in R~uen. ~ Significant differences between peak and off-peak periods were also found in t , some light rail systems, e.g. 20 percent in Nantes and 14 percent in Lille. Running speed is defined as the ratio of the light rail line length to its running time. As shown in Table 6 , this differs between different light rail systems with a minimum of 25 km/h in Grenoble LRT and a maximum of 29 km/h in Strasbourg LRT. The differences between peak and off-peak periods were insignificant for most of the LRT systems except for the Paris LRT, where the difference was as high as 13 percent.
The factors that may influence running speed include the degree of segregation ( e.g., mixed, segregated, or separated operation), vehicle acceleration and deceleration capabilities, maximum cruise speed, and driver characteristics. For example, in Grenoble, the LRT shares the road space with other road traffic (mixed operating) in the city area. The movement of LRV is sometimes impeded by Although the average delay at traffic signals constituted only 7_ to 8 percent of the total journey time, as shown in Figures 1 and 2 , the differences were significant between different light rail systems. It may be seen from Table 7 that the signal delay of LRVs in Lille was about 18 percent of the total journey time, while no signal delay was observed in the Strasbourg LRT in peak period. In the off-peak, Paris LRT had the highest signal delay of 14 percent of the total journey time, while the Strasbourg LRT had only 1 percent. Differences between peak and off-peak periods were found to be very significant for some light rail systems. For example, the peak-period signal delay was about twice as high as that in off-peak time for the Lille and Nantes LRTs.
The amount of signal delay depends predominantly on the density of signalcontrolled intersections, the form of signal control and the priority measures for the LRT vehicles. Providing high priority to light rail vehicles can significantly · increase operating speeds. For example, for the six light rail systems studied, if a full signal priority had been assigned (no signal delays for all the light rail systems), an average increase in operating speed would be from 1 to 16 percent, varying between systems as shown in Table 8 . Furthermore, according to a study by Wu and McDonald (1996) , high priority for LRVs can significantly reduce delay at signalled intersections without necessarily causing significant extra delay to non-priority vehicles. 
Toble8 Operating Speed and S_ignal Delay

Dwell Time
Generally, the percentage of dwell time ( or station stops for passenger boarding and alighting) had an average of22 to 27 percent of the total journey time, as shown in Figures 1 and 2 . However, this varied significantly between different systems. As shown in Table 9 , the average dwell time per stop was only 14.4 seconds in the Grenoble LRT, but was 28.9 seconds in Strasbourg during the off- in dwell time were also found for some light rail systems between peak and offpeak periods. For example, in the Grenoble, Nantes, and Rouen LRTs, the differences were 4 5 to 5 9 percent.
Factors Affecting light Rail Dwell Time _
During the light rail operation survey, several factors were observed to influence dwell time.
• Little difference was seen between the dwell times for one passenger and three or four passengers because of the multiple, wide, two-way ( alighting and boarding) door systems and the low-floor vehicles used. · • As the number of standees near the doorway increased, the time of alighting or boarding per passenger increased significantly. This occurred particularly when there was an-in-vehicle ticket validating machine near the door.
• One unpredicta~le element on LRV dwell time is the driver's characteristics. The time from LRV wheel stop to door open and the time of last passenger boarding to door closure/wheel start was observed to vary from driver to driver.
LRT Dwell Time Models Review
Previous work on vehicle dwell times ( or the related measure, passenger service times) has been focused on bus systems, with relatively little attention paid to light rail systems. Typically, least squares regression has been used to relate vehicle dwell time to the numbers of passengers boarding and alighting, with separate models estimated for different operating characteristics likely to affect dwell time, such as the restriction on door usage for boarding and alighting, fare collection method, door configuration, and high-floor or low-floor vehicle (Leivine et al. 1994; Marshall et al. 1990; Guenthner and Sinha 1983; Zografos and Levinson 1986; Levinson 1983; Guenthner and Hamat 1988; Ceder and Marguier 1985; Kraft and Deutschman 1977; Cundill and Watts 1973) . Lin and Wilson (1992) and Fritz (1983) suggested that models for light rail transit for the Green Line of Massachusetts Bay Transportation Authority (MBTA) were similar to the bus dwell time models described above. These LRT dwell time models, either linear or non-linear, simply related the light rail dwell time to the number of passengers alighting, boarding, and present on the vehicle. Also, as these dwell time models were developed from only one light rail line survey, it is unlikely that they can be used more generally for other modem light rail systems because of the differences on LRV capacity, door configuration, fare collection system, etc.
It was beyond the scope of this study to collect a rigorous and comprehensive data set capable of finding an adequate database for multivariable analysis. It was therefore decided to investigate the distribution of LRV dwell times at stops and identify any significant differences between lines/stops using appropriate statistical analysis. This work is described in the following section.
1he Distribution of LRT Dwell Time
The differences in LRT dwell time were found to be significant from LRT system to system, stop to stop and time to time. However, a statistical analysis of these results indicates that LRT dwell time followed a log-n~rmal distribution which has a general form of:
where µ is the mean and a is the standard deviation. Figure 5 shows a typical distribution of LRT dwell time; Table 10 lists the sample sizes of LRT dwell time data, which were used in the statistical analyses for the six surveyed LRT systems. The K-S {Kolmogorov-Smimov) test (Manugistics 1992) results of the overall goodness-of-fit between the LRT dwell time and the theoretical (log-normal) distribution for all the six LRT systems are shown in Table 11 . It shows in the table that the significance levels of K-S test for all the six LRT systems are significantly greater than 0.05, which indicates a gobt1~t of the LRT dwell time to the theoretical log-normal distribution.
Although a more complex causal relationship for dwell time could not be developed, given the data available in this study, the main (~ctors that result in the variance of the LRT dwell time are discussed in following sections. Although LRT dwell time follows a log-normal distribution, a significant difference was found between different LRT systems. Figure 6 shows the difference in the parametersµ (mean) and a (standard deviation) between the different LRT systems.
Two sample K-S tests were carried out to assess the overall difference of LRT dwell time between different LRT systems. The results shown in Table 12 Winter 1997 
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indicate that significant differences· exist for most of the compared pairs, as shown by a K-S significance level ofless than 0.05.
Difference B~een Peak and Off-Peak Time
The difference in LRT dwell times between peak and off-peak periods is also significant, except for the Lille and Strasbourg LRTs (with K-S significance level test results greater than 0.05). Results are shown in Table 13 .
Parameters for LRT Dwell Time Models
, peak and off-peak periods. The mean,µ, of LRT dwell time has a range of 16 to 31 seconds in off-peak period and 22 to 37 seconds in peak period. The LRT dwell time models together with the parameters in Table 14 may be used as reference for LRT system operation analysis and LRT network simulation modeling study. Dwell time is an important factor influencing light rail operating speeds. It may be seen from Table 15 that if a dwell time of 5 seconds could be saved at each stop, the operating speed for the light rail systems would increase by about 5 to 6 percent on average. Conclusions Light rail's totaljourneytime consists ofLRV running time, dwell time, and signal delay. Generally, the signal delay takes 7 to 8 percent of light rail total journey time, dwell time 22 to 27 percent, and LRV running time 65 to 71 percent.
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LRT systems should keep the number of passenger stops as low as possible, I subject to passenger convenience, since light rail's operating speed decreases approximately linearly as the frequency of passenger stops increase.
LRT priority in at-grade crossing intersections will significantly improve LRT's operating speed. It is also desirable to eliminate pedestrian and normal road traffic induced delay by using a segregated 1~mway. Significant differences in dwell time have been found between different light rail systems, and between peak and off-peak periods. Generally, the dwell time follows a log-normal distribution with the mean,µ, in the range of 16 to 31 seconds in off-peak periods and 22 to 37 seconds in peak periods, according to the study based on the survey of the six light rail systems in France. LRT fare collection methods, LRV floor height (high or low), and door configurations are important factors ofLRT dwell time on high passenger flow routes.
The results and findings in this paper can be used directly by LRT planners and operators in developing and assessing LRT operating and service changes and providing input to long-range planning procedures. Further, the LRT dwell time model is the essential component of LRT simulation models, which ~e increasmgly considered by LRT planners and operators for system design and evaluation. ❖ Downstream Stop:
LRT stops located downstream of the stop line at traffic signal controlled intersections (see Figure 7 ) Middle Block Stop: LRT stops located in the middle area between two traffic signal controlled intersections (see Figure 7) 
